Introduction microRNAs (miRNAs) are single-stranded RNA molecules that regulate the expression of messenger RNA. miRNAs are generated from RNA transcripts that are exported into the cytoplasm, where the pre-miRNA molecules undergo fi nal cleavage by Dicer, a ribonuclease III -like enzyme. The mature miRNAs assemble into ribonucleoprotein silencing complexes (RISCs) and guide the silencing complex to specifi c mRNA molecules ( Du and Zamore, 2005 ) .
In mammals, Dicer plays important roles in cell differentiation and tissue morphogenesis ( Harfe et al., 2005 ; Muljo et al., 2005 ; Yang et al., 2005 ; Andl et al., 2006 ; Harris et al., 2006 ) , and ablation of Dicer in mice induces embryonic lethality at E6 -E7 ( Bernstein et al., 2003 ) . Previous studies indicate that Dicer loss correlates with reduced cell proliferation in mouse embryonic stem (ES) cells Murchison et al., 2005 ) or increased apoptosis in specifi c tissues during development Andl et al., 2006 ; Harris et al., 2006 ) , yet global repression of miRNA maturation in cultured cells has also been shown to promote cellular growth, transformation, and tumorigenesis ( Kumar et al., 2007 ) . Recently, the miR-34 family of miRNAs was found to be a direct transcriptional target of the p53 tumor suppressor ( Bommer et al., 2007 ; He et al., 2007 ; Raver-Shapira, et al., 2007 ) , indicating a potential role for miRNAs in tumor suppression.
To better understand the role of miRNAs in regulating cell growth, we generated mice bearing conditional alleles of Dicer and examined the effects of loss of miRNA biogenesis on primary cell growth. Dicer ablation caused a rapid onset of cell senescence in mouse embryonic fi broblasts (MEFs) in vitro and in developing and adult mouse tissues in vivo . Furthermore, inhibition of miRNA maturation in primary cells induced H2A.X staining, up-regulation of p19
Arf and p53 tumor suppressor protein levels, phosphorylation of p53, and induction of p53 target genes involved in regulating cell growth and senescence. Deletion of either Ink4a/Arf or p53 genes rescued the cells from premature senescence induced by Dicer ablation. These results reveal that loss of miRNA biogenesis in primary cells induces DNA damage and a premature cell senescence that is mediated by the p19 Arf -p53 signaling axis.
Results and discussion
We performed gene targeting in ES cells using a Dicer gene replacement vector, and two Dicer alleles were recovered after D icer, an enzyme involved in microRNA (miRNA) maturation, is required for proper cell differentiation and embryogenesis in mammals. Recent evidence indicates that Dicer and miRNA may also regulate tumorigenesis. To better characterize the role of miRNA in primary cell growth, we generated Dicer-conditional mice. Ablation of Dicer and loss of mature miRNAs in embryonic fi broblasts up-regulated p19
Arf and p53 levels, inhibited cell proliferation, and induced a premature senescence phenotype that was also observed in vivo after Dicer ablation in the developing limb and in adult skin. Furthermore, deletion of the Ink4a/Arf or p53 locus could rescue fi broblasts from premature senescence induced by Dicer ablation. Although levels of Ras and Myc oncoproteins appeared unaltered, loss of Dicer resulted in increased DNA damage and p53 activity in these cells. These results reveal that loss of miRNA biogenesis activates a DNA damage checkpoint, up-regulates p19
Arf -p53 signaling, and induces senescence in primary cells.
Loss of miRNA biogenesis induces p19
Arf -p53 signaling and senescence in primary cells To confi rm that deletion of the fl oxed exons results in loss of Dicer function, we intercrossed Dicer +/ ⌬ C mice. Genotyping of embryos harvested from the Dicer +/ ⌬ C crosses at varying times during gestation indicated lethality of Dicer ⌬ C/ ⌬ C mice before E8.5 (Fig. S1 A, available at http://www.jcb.org/cgi/ content/full/jcb.200802105/DC1), and recovery of E7 embryos revealed that 25% (5/20) of the embryos were smaller than wild-type (wt) E7 embryos ( Fig. 1 C ) . This phenotype is similar to that reported for a loss of function Dicer allele in mice ( Bernstein et al., 2003 ) , confi rming that deletion of the fl oxed region generates a Dicer-null allele.
Cre excision of the drug selection markers ( Fig. 1 A ) . ES clones bearing either a Dicer allele with exons 15 -17 fl anked by loxP sites, or a Dicer allele deleted for exons 15 -17 were isolated. Excision of these exons should result in a Dicer-null allele, as these sequences encode the PAZ domain required for Dicer recognition of pre-miRNA molecules. Furthermore, Cre deletion places the remainder of coding sequences, including those encoding the RNase III domains, in an incorrect translational frame. Blastocyst injections were performed and germline transmission of either the Dicer-null ( ⌬ C) allele or the Dicer-conditional (C) allele was achieved ( Fig. 1 B ) . the media changed every third day. Mock-infected Dicer c/c MEFs displayed normal growth characteristics, whereas Dicer-ablated cells displayed fl at cell morphology after 9 d in culture. Harvesting and replating cells in fresh media at higher or lower densities failed to stimulate their growth, and approximately half of the Dicer-null cells failed to attach when replated. Increasing the serum content from 10% to 20% also had no effect on Dicernull MEFs. After 3 wk in culture, foci of cells would appear and begin to expand on the plates. However, genotyping of foci cells revealed that these were MEFs that had escaped Cre-mediated deletion of the Dicer-conditional allele (unpublished data).
To confirm that Dicer-ablated MEFs were undergoing senescence, the cells were fi xed and stained for senescenceassociated ␤ -galactosidase (SA-␤ gal) activity ( Campisi, 2003 ) . Little or no staining was detected in the control Dicer c/c plates at 9 dpi, whereas SA-␤ gal activity was readily apparent in the Dicer-ablated cells ( Fig. 2 D ) . Repeat experiments using triplicate lines of MEFs were performed, and the percentage of cells showing SA-␤ gal activity was counted in mock-infected or Ad-Cre infected Dicer c/c MEFs ( Fig. 2 E ) . Over 40% of the Dicerablated MEFs underwent senescence by day 9, compared with less that 5% senescence in nondeleted MEFs, and Dicer-ablated MEFs displayed a 10-fold increase in senescent cells by day 12. Control experiments revealed no difference in SA-␤ gal activity in wt MEFs at early or late times post-infection using either Ad-Cre or with Ad-control virus (Fig. S2 B) .
Senescent human cells are characterized by the formation of senescence-associated heterochromatin foci (SAHF) ( Dimri et al., 1995 ; Narita et al., 2003 ) . In SAHF, chromatin is dramatically reorganized in an Rb-and p53-dependent manner, resulting in striking DAPI-dense accumulations of heterochromatin ( Ye et al., 2007 ) . As expected, the nuclei of Dicer c/c MEFs show DAPI-dense chromatin associated with mouse chromocenters (clustered centromeres from multiple chromosomes) before or after mock infection ( Fig. 2 F , left) . In contrast, Cre-mediated deletion of Dicer in Dicer c/c cells resulted in 20 -30% of the cells displaying very large aberrant clumps of coalesced heterochromatin ( Fig. 2 F , right) , which is observed only in 1 -5% of mock-infected Dicer c/c cells. Although SAHF has not been fully characterized in mouse cells, these DAP1-dense structures in Dicer-ablated cells are reminiscent of the SAHF observed in senescent human cells.
Senescence can be induced by oncogene activation or by DNA damage ( Zhang, 2007 ) , and biogenesis of miRNAs in cell lines has been reported to regulate the expression of oncogenes involved in cell growth control ( Johnson et al., 2005 ) . To examine the effects of Dicer ablation on Myc and Ras levels, we performed Westerns using Dicer c/c MEFs infected with either Ad-Cre or Ad-control. However, little difference was observed in the levels of the Myc or Ras ( Fig. 3 A ) . In contrast, an increase was readily detected in p53 levels in the Dicerablated cells.
To determine if Dicer loss induced DNA damage, we performed immunofl uoresence staining with an antibody to histone H2A.X. Numerous H2A.X-positive foci were seen in Dicerablated cells at 12 dpi, but not in control-infected Dicer c/c MEFs ( Fig. 3 B ) . To determine if DNA damage coincides with the onset Mice heterozygous for the Dicer-conditional allele (Dicer ( Fig. 1 D ) . Southern analysis demonstrated Cre deletion of the fl oxed exons at 3 dpi (Fig. S1 B) . RT-PCR performed on RNA isolated from Dicer c/c cells revealed loss of exons 15 -17 and reduced amounts of Dicer mRNA, suggesting that deletion of exons 15 -17 also reduced message stability ( Fig. S1 C) . To confi rm loss of miRNA maturation, we examined the global level of mature miRNAs in Dicer-ablated MEFs. miRNA microarray data revealed that ‫ف‬ 80% of the total mature miRNA molecules were dramatically reduced by 3 dpi, and almost all of the mature miRNA were depleted by day 5 (unpublished data). Quantitative PCR (qPCR) and Northern analysis revealed that the level of select mature miRNAs in Dicer Dicer c/c MEFs were infected with Ad-Cre or Ad-control (Ad-␤ gal) and recovered at 9 dpi. As a control, wt MEFs were also infected with Ad-Cre or Ad-control. Fluorescence-activated cell sorting (FACS) analysis of asynchronously growing MEFs revealed that Dicer-ablated MEFs were undergoing less DNA replication than Dicer c/c MEFs infected with control virus, whereas no difference was seen in the growth rate of wt MEFs transduced with Ad-Cre or with Ad-control ( Fig. 2 A ) . Furthermore, Dicer loss results in a reduction in S phase cells without inducing apoptosis ( Fig. S2 A, available at http://www.jcb.org/cgi/content/ full/jcb.200802105/DC1).
To confi rm the reduced growth of MEFs after Dicer ablation, a proliferation assay was performed. MEFs lacking Dicer proliferate far slower than control-infected MEFs or MEFs retaining Dicer ( Fig. 2 B ) . Similar results were obtained in Dicer c/c
MEFs after tamoxifen-induced Dicer ablation in Dicer c/c MEFs bearing the CAG-CreER transgene ( Hayashi and McMahon, 2002 ) . Furthermore, induction of Cre activity in Dicer c/wt MEFs had no effect on the proliferation of these cells, demonstrating that haploinsuffi ciency for Dicer does not alter cell growth ( Fig. 2 C ) .
Although Dicer-ablated MEFs grow more slowly than wt MEFs, the Dicer-ablated cells could be passaged several times before the cells stopped dividing and assumed a large, fl attened morphology. To determine if these cells were becoming senescent, Dicer c/c MEFs were either mock infected (no virus) or Ad-Cre infected, passaged once at a lower density on 3 dpi, and Similarly, p21 protein levels are higher in Dicer-ablated MEFs, suggesting that premature senescence in Dicer-ablated MEFs may be due to induction of p19
Arf -p53-p21 signaling. In addition, activation of p53 could also be detected in Dicerablated MEFs as judged by p53-serine18 phosphorylation ( Webley et al., 2000 ) . Control experiments with wt MEFs confi rmed that Ad-Cre transduction alone does not alter p19 or p53ser18 phosphorylation (Fig. S2 C) . Furthermore, Dicer loss resulted in increased expression of p53 target genes associated with p53-mediated cell senescence, including p21 , PAI-1 , PAl-2 , and CylinD2 ( Fig. 3 E ) .
Thus, loss of miRNA biogenesis in primary cells results in increased DNA damage, up-regulation of p19
Arf -p53 signaling, of senescence, we performed H2A.X staining on Dicer c/c MEFs and Dicer-heterozygous MEFs at various times after Ad-Cre infection. Increased DNA damage could be readily detected at 6 dpi in Dicer c/c MEFs after infection with Ad-Cre. No difference was seen in the levels of DNA damage in control-infected Dicerheterozygous MEFs, confi rming that the DNA damage in Dicerablated MEFs was due to loss of Dicer function ( Fig. 3 C ) .
DNA damage -induced senescence is mediated, in part, by the p19
Arf and p53 tumor suppressors, and by the cdk inhibitor p21, a downstream mediator of p53 activity. Therefore, we examined the levels of these proteins in Dicer-ablated MEFs ( Fig. 3 D ) . The data reveal an increase in p19
Arf levels over time, with higher levels of p19
Arf consistently found in cells lacking Dicer. ( Fig. 3 G ) . Dicer-ablated cells lacking either Ink4a/Arf or p53 expanded to fi ll the plates and could be passaged multiple times in culture. Analysis of senescence marker gene expression was performed using total RNA isolated from wt and Ink4a/Arf-null MEFs that retained or lost Dicer. Increased p16 and p19
Arf expression and expression of the senescence-associated, p53-target genes p21 , PAI-1 , and PAI-2 was observed in MEFs at 10 d post ablation (Fig. S2 D) . Dicer ablation in Ink4a/Arf-null MEFs did not alter the expression of p21 , PAI-1 , or PAI-2 . As p19
Arf and the p53 p53 activation, induction of p53 target genes, and subsequent cell senescence. To confirm that MEFs lacking Dicer could undergo DNA damage -induced growth arrest, we examined the response of Dicer-ablated MEFs to adriamycin. FACS analysis in Dicer-ablated cells revealed a large reduction in S phase after DNA damage ( Fig. 3 F ) . As expected, DNA replication in p53-null MEFs was only slightly reduced by adriamycin. In contrast, there was no difference in the growth arrest of MEFs lacking Dicer. To confi rm Dicer loss induces premature senescence by activation of the p19 Arf -p53 pathway, we bred Dicer c/c mice with either Ink4a/Arf-null mice ( Serrano et al., 1996 ) or with p53-null mice ( Donehower et al., 1992 ) and generated Dicer 
motes p19
Arf -p53 -dependent cellular senescence. As p53-mediated senescence has been reported to be an important facet of p53 tumor suppression ( Braig et al., 2005 ; Chen et al., 2005 ) , loss of p53 signaling should greatly facilitate the tumorigenic potential of cells with reduced presence of mature miRNAs. Further experiments exploring the effects of p19 or p53 loss on the role of Dicer and miRNA processing in normal cell growth and in tumorigenesis are presently ongoing.
Materials and methods
Generation of Dicer-conditional mice and Dicer-null mice A gene replacement vector was constructed by conventional cloning means using 129SV/J genomic DNA fragments that contained exons 15 -17 of Dicer, with 2.8 Kbp of 5 Ј fl anking DNA sequence and 3.6 Kbp of 3 Ј fl anking DNA sequence. LoxP sites were inserted to fl ank Dicer exons 15 -17, and a positive/negative drug selection cassette was inserted adjacent to exon 15 in a Bgl2 site. After electroporation of the linearized targeting vector into AB2.2 ES cells (129S7 strain) and G418 drug selection, multiple targeted ES cells were expanded, and a Cre-expression plasmid was transiently introduced into the ES cells to delete the drug selection cassettes. Selection of the cells in FIAU resulted in the recovery of individual ES clones that either retained the fl oxed exons 15 -17 or deleted these exons in the targeted allele, as demonstrated by Southern analysis and by PCR. Several ES cell clones that underwent deletion of the fl oxed exons or that retained fl oxed exons 15 -17 were used to generate chimeric mice by microinjection of the ES cells into C57BL/6 mouse blastocysts. Germline transmission of Dicer-null ( ⌬ C) allele and the Dicer-conditional (c) allele was achieved by breeding high degree chimeric mice to C57BL/6 mice. Genotyping of genomic DNA isolated from tail biopsies of the agouti offspring was performed by Southern analysis performed using an EcoRV digest and a Dicer exon 22 probe to confi rm inheritance of the Dicer modifi ed alleles. Dicer 
Generation of Dicer-conditional embryonic fi broblasts
MEFs were generated from E13.5 embryos recovered from timed matings of Dicer c/c mice and Dicer +/c mice. All studies were conducted using very low passage embryonic fi broblasts (pass 1 Ϫ pass 2), maintained in a 37 ° C, 5% CO 2 incubator in DME supplemented with 10% fetal bovine serum, penicillin, and streptomycin (MEF media). To determine the rates of cell proliferation, multiple lines of wt or Dicer c/c MEFs were seeded at a density of 10 4 cells/cm 2 and plated either in 10-cm plates or 6-well plates. Dicer was deleted from the Dicer c/c cells by infection with 200 pfu of recombinant Ad5-Cre adenovirus. The cells were maintained at subconfl uency by passaging as needed, and triplicate plates of each line were harvested for cell cycling studies, for DNA damage studies, and for senescence analysis. Control-infected (Ad-␤ Gal, 200 pfu) or mock-infected (no virus) Dicer c/c MEFs were used as controls for these experiments, as indicated. Ad-Cre virus and Ad-␤ Gal virus were obtained from the Gene Transfer Vector Core at the University of Iowa (Iowa City, IA). Cre recombinase activity was induced in CAG-CreER MEFs by treating the cells with 0.5 μ M tamoxifen for 48 h.
Cell growth assays and DNA damage response
Asynchronously growing Dicer c/c MEFs were infected with either Ad-␤ Gal or Ad-Cre virus and plated at equal density (7.5 x 10 5 cells/10-cm dish) on day 5 after infection. 24 h later, 60 M BrdU was added to the media for 3 h, and the cells were harvested by trypsinization into phosphatebuffered saline (PBS), fi xed in 70% ethanol overnight at 4 ° C, and subsequently stained with BrdU antibody followed by propidium iodide staining. Flow cytometric analysis of DNA synthesis and total DNA content was performed by the UMMS FACS Core and Flowjo software. To determine the rates of cell proliferation, multiple lines of Dicer-wt and Dicer-ablated MEFs were plated in triplicate 3 d after infection at a density of 10 4 cells/cm 2 and counted every 24 h using a Z1 Coulter Particle Counter (Beckman Coulter). Similar results were obtained using Ad-Cre, and pBABE-Cre infection downstream effectors p21 and PAI-1 are major regulators of senescence in mouse cells ( Sharpless et al., 2004 ; Jackson and Pereira-Smith, 2006 ; Kortlever et al., 2006 ) , these data provide genetic proof that a global reduction of miRNAs induces a p19
Arf -p53 -dependent premature senescence in primary cells. Dicer regulates cell proliferation and morphogenesis in several tissues in mice, including the developing limb ( Harfe et al., 2005 ) and hair follicle ( Andl et al., 2006 ) . To confi rm that Dicer prevents cell senescence in vivo, we crossed Dicer c/c or Dicer wt/wt female mice with CAG-CreER transgenic Dicer c/c males, and induced embryonic Cre activation by intraperitoneal tamoxifen injection (3 mg/40 g bodyweight) in females at day 8.5 and 11.5 of pregnancy. Embryos ( n = 26) were isolated at E14 -E16, genotyped, and stained for SA-␤ gal activity. Credeletion of Dicer in CAG-CreER transgenic, Dicer c/c embryos was confi rmed by PCR (Fig. S3 A, available at http://www.jcb.org/ cgi/content/full/jcb.200802105/DC1). The results demonstrate senescence in cells of the developing limbs in 13 of 13 Cretransgenic Dicer c/c mice ( Fig. 4 A ) . No senescence was detected in the 13 Dicer c/c embryos lacking the Cre transgene, or in Cretransgenic Dicer c/wt heterozygous mice. In addition, we crossed Dicer c/c mice with K5-Cre transgenic mice that express Cre in keratinocytes and in skin epidermis ( Zhou et al., 2002 ) , and examined the follicular cells of K5-Cre+, Dicer c/c mice for signs of senescence. All K5-Cre Dicer c/c mice displayed loss of hair and a roughening of the epidermis after 2 -3 mo of age ( Fig. 4 B ) , in keeping with a proposed role for miRNA in the maintenance of hair follicles ( Andl et al., 2006 ) . K5-Cre transgene function in skin was confi rmed using the Gt(ROSA)26Sor tm1Sor /J mouse (Fig. S3 B) . Skin was isolated from K5-Cre+, Dicer c/c mice and from K5-Cre+, Dicer +/c control mice, fi xed, and stained for histological analysis, and for SA-␤ gal activity ( Fig. 4 C ) . Analysis of genomic DNA in K5-Cre+, Dicer c/c mice documented ablation of Dicer specifi cally in skin (Fig. S3 C) . Fewer and much larger cells were present in the follicular epidermis of mice ablated for Dicer, and SA-␤ gal activity could be detected in these cells ( Fig. 4 C ) . Collectively, these data reveal that loss of Dicer can induce a cell senescence phenotype in vivo in embryos and in adult mice, confi rming that the premature senescence observed in MEFs after inhibition of miRNA maturation is not an artifact of culture.
Recent reports have prompted interest in the potential role of miRNA in cancer. Overexpression of specifi c miRNAs has been associated with several types of human cancer ( Volinia et al., 2006 ; Voorhoeve et al., 2006 ; Brueckner et al., 2007 ) . In contrast, impaired miRNA processing increased the tumorigenic potential of mouse adenocarcinoma cells in orthotopic transplantation experiments, and increased the tumor burden of mice bearing a conditional activated allele of K-Ras ( Kumar et al., 2007 ) . These fi ndings indicate that loss of miRNA processing and an overall reduction in miRNA enhances tumorigenesis. Very recently, the Myc oncoprotein was found to inhibit expression of select miRNAs that have anti-tumorigenic properties in lymphoma cells, offering further support for a role for miRNAs in tumor suppression ( Chang et al., 2008 ) .
Our data reveal that loss of miRNA biogenesis induces a DNA damage checkpoint in certain primary cells, which pro-(Carl Zeiss, Inc.) and a 3008 Prog/Res digital camera coupled to a MacIntosh G4 computer, using Photoshop 4 software (Adobe). Fig. 2 D was captured at 160X and 420X, whereas Fig. 3 G was captured at 420X. Histological images ( Figs. 4 C and S3 B) were captured at 200X and 100X, respectively, using a microscope (BX41TF; Olympus) equipped with an Evolution MP5.0 camera (Media Cybernetics, Inc.), a Dell computer, and QCapture Pro (5.1.1.14) software into Photoshop 7 software. DAPIstained cells ( Fig. 2 F ) were imaged using a microscope (Axioplan; Carl Zeiss, Inc.) with a 100X Neofl uor 1.4 N.A. objective and a CCD digital camera captured with Axiovision software.
Staining for SA-␤ Gal in developing embryos and in tissue Analysis of SA-␤ Gal activity was performed as described previously (www .med.upenn.edu/mcrc/epstein_lab/documents/Beta-GalactosidaseStaining OfEmbryos.doc). Fig. S1 shows that Dicer loss induces early embryonic lethality, and that Cre-mediated excision of a conditional Dicer allele in MEFs results in loss of mature miRNA molecules. Fig. S2 demonstrates that Cre induction does not induce cell death or senescence in cells that retain Dicer or in Dicerablated cells lacking Ink4A/Arf. Fig. S3 This work was supported by grants from the American Heart Association to R. Mudhasani (0625823T), and the National Institutes of Health to C.M. Eischen (CA098193) and to S.N. Jones (DK73324, CA77735).
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of Dicer c/c MEFs, and when using tamoxifen activation of Cre in Dicer c/c , Cre-ER MEFs. To assess the response of Dicer-ablated cells to DNA damage, three independent lines of Dicer c/c MEFs or Dicer c/c , Cre-ER MEFs were recovered on day 3 after Cre-induction, and seeded onto 10-cm plates at a density of 7.5 × 10 5 cells/10-cm plate. The cells were left untreated or exposed either to 250 μ g adriamycin (doxorubicin) for 8 or 16 h. The cells were pulse-labeled with 60 M BrdU for three more hours and harvested for FACS analysis as described above. Data are presented as a ratio of percentage of cells in S phase for treated versus untreated cells.
Protein analysis
Total protein was isolated from MEF samples in the presence of Urea lysis buffer (8M Urea, 0.1M NaH 2 PO 4 , 10 mM Tris-HCL, pH 8.0). 60 μ g of total protein was electrophoresed through a 10% acrylamide gel followed by transfer onto a PVDF (Immobilon) membrane. Membranes were blocked in TBST containing 2% nonfat dry milk (Bio-Rad Laboratories) before incubation with antibodies. Antibodies were incubated with membranes in the presence of TBST containing 5% nonfat dry milk at 4 ° C overnight or 1 h at room temperature (tubulin antibody). Excess primary antibody was removed with three 10-min washes of PBST. Secondary antibodies were incubated with membranes for 1 h at room temperature followed by six 10-min washes with TBST to remove excess antibody. Proteins were visualized on the membrane by exposure to Western Lightning chemiluminescent reagent. The following antibodies were used in this study: p53 (Ab-1 and Ab-3; 1:500 each; Calbiochem), p53ser18 (1:1,000 dilution; Cell Signaling Technology), p21 (Santa Cruz Biotechnology, Inc.), p19Arf (1:1,000; Abcam) and ␣ -tubulin (clone B-5-1-2; 1:4,000; Sigma-Aldrich).
RNA isolation and analysis
Total RNA was isolated from MEFs using Trizol reagent (Invitrogen) according to the manufacturer ' s protocol. 1 μ g of RNA was reverse transcribed using Oligo-dT primers and the SuperScript fi rst Strand Synthesis kit (Invitrogen) according the manufacturer ' s protocol. Gene expression was assessed by PCR (30 cycles, GAPDH, Dicer) and quantitative real-time PCR (p21, p19, PAI-1,PAI-2 p16, 36B4, and GAPDH). Quantitative PCR was performed using SYBR green 2x master mix (QuantiTect SYBR green RT-PCR mix; QIAGEN) and a 3-step cycling protocol (anneal 55 -60 ° C, elongate at 72 ° C, denature at 94 ° C). Specifi city of primers was verifi ed by dissociation temperature of amplicons. Quantitative PCR results are representative of two or more independent experiments. Primers used for PCR reactions are as follows: PAI-1(F)GCTGCACCCTTTGAGAAAGA, PAI-1(R)-GCCAGGGTTGCACTAAACAT, p19Arf(F)CCCACTCCAAGAGAGGGTTT, p19ARF(R) TCTGCACCGTAGTTGAGCAG, p16(F)ATCTGGAGCAGCAT-GGAGTC, p16(R)TCGAATCTGCACCGTAGTTG, PAI-2(F)GGGCTTTAT-CCTTTCCGTGT, PAI-2(R)GTGTGTCTTTGCTGATCCAC, 36B4(F)CAGGC-CCTGCACTCTCGCTTTCTG, 36B4(R)TTGGTTGCTTTGGCGGGATTA GTC, p21(F)GTCAGGCTGGTCTGCCTCCG, p21(R)CGGTCCCGTGGACAG-TGAGCAG. Primers used to detect Dicer transcripts include exon 9 and 10-F-GGTGGTTCGTTTTGATTTGCC, R-GGCAGTGTTGATTGTGACTC, Dicer exon14 and 16-F-CCGACCAGCCTTGTTACCTG, R-CGGTGTTTCCTTTGA-ATACTT, and Dicer exon18 and 19-F-GGGAAAGTCTGCAGAACAAAC, R-GGCTGTCTGAGCTCTTAGTTC.
Quantitative PCR of miRNA Total RNA was isolated from empty pBABE and Cre pBABE retrovirus infected Dicer c/c MEFs by Trizol (Invitrogen). Reverse transcription of 1, 10, and 100 ng of total RNA with primers corresponding to each miRNA and the internal control U6b small nuclear RNA was performed as directed by the protocol of the two-step TaqMan MicroRNA Assay kit (Applied Biosystems). The second step included PCR amplifi cation of duplicate cDNA samples with a fl uorescent probe and fl uorescent primers specifi c for each miRNA and U6b at the temperatures and times indicated in the protocol. All reactions were performed on an iCycler PCR instrument (Bio-Rad Laboratories). The expression of each miRNA from each sample was normalized to the expression of U6b, and the values of the Cre-expressing samples were compared with the values of the control infected samples, which were set at one. Error bars represent one standard deviation of the means of the normalized samples.
Image acquisition
Whole mount photographic images of embryos ( Figs. 1 C and 4 A ) were obtained using a stereoscope (MZ8; Leica) with either a 1X or 0.63X reduction lens and a 3008 Prog/Res digital camera coupled to a MacIntosh G4 computer, using Photoshop 4 software (Adobe). Images of tissue culture cells ( Fig. 2 D and 3 G ) were obtained using an inverted microscope
